I. INTRODUCTION
===============

Protein glycosylation has been reported to play important roles in adhesion, metastasis, and signaling through cell-to-cell interactions. Protein glycosylation in human contains several different types, including *N*-linked glycosylation, *O*-linked glycosylation, and *C*-glycosylation. *N*-linked glycosylation occurs on the asparagine in the sequence of Asn-X-Ser/Thr (and scarcely Cys) with X being any amino acid with the exception of proline. *N*-linked glycans have commonly core pentasaccharide moiety, and are classified by the type and position of monosaccharide residues added to the core pentasaccharide (Morelle et al., [@b82]; Rakus & Mahal, [@b101]). *O*-linked glycosylation is located on serine or threonine residues by addition of *N*-acetylgalactosamine (GalNAc), mannose, fucose, glucose, or *N*-acetylglucosamine (GlcNAc) (Ohtsubo & Marth, [@b88]). Mucin-type *O*-glycosylation, known to be involved in cell adhesion, invasion, and immune response is a typical glycosylation occurring in a hydroxyl group on Ser/Thr residues (Hollingsworth & Swanson, [@b46]). Except for these *N*-linked and *O*-linked glycosylation, various types of glycosylation such as *C*-glycosylation on tryptophan residue and further modification on glycan moiety by phosphorylation have also been reported (Wei & Li, [@b128]; Barnes et al., [@b16]).

Glycan moiety linked to a glycosylation site on a glycoprotein generally consists of numerous glycoforms having different glycan structures. Because of this glycan microheterogeneity in glycoprotein, glycoprotein shows especially high structural complexity and each protein glycoforms consisting of the glycoprotein is present with substoichiometric level far lower than total protein abundance of the glycoprotein. Furthermore, partial occupancy of glycan moiety on a glycosylation site of a given glycoprotein was also observed (Liu et al., [@b74]; Wada, [@b119]). These structural features in glycoprotein make difficult to efficiently separate, identify, and quantify the glycoprotein present in a complex biological sample like blood.

It has been reported that aberrant glycosylation in a glycoprotein can be related to the occurrence and progression of certain diseases. Abnormal glycosylation patterns, such as increased glycan size and extra branching of glycan chains with over-sialylation and -fucosylation, are closely associated with disease progression (Mizuochi et al., [@b81]; Pierce & Arango, [@b97]; Dennis et al., [@b32]; Orntoft & Vestergaard, [@b90]; Comunale et al., [@b27]). Analysis of altered cancer-related glycoprotein expression may facilitate discovery of potential biomarkers, as well as discovery of novel targets of therapeutics. Therefore, protein glycosylation analysis has become an important target in proteomic research field and has great potential for clinical applications like development of biomarkers. Many protein biomarkers that are known to be cancer biomarkers are also glycoproteins (Peracaula et al., [@b96]; Ohyama et al., [@b89]; Gomaa et al., [@b40]). Especially glycoproteins aberrantly glycosylated in the malignant cells can be secreted from the cells via common secretory pathways or shed from the cell membrane as a result of enhanced protease activity and reach the bloodstream, reflecting abnormal states of the malignant cells. Therefore, serological glycoprotein aberrantly glycosylated can be an attractive target for biomarker development.

Since the progression of certain diseases may involve aberrant glycosylation in a glycoprotein, the ability to analyze quantitatively aberrant protein glycoforms having a specific glycan structure provides a tool for monitoring differences between individual cases in the abundance of aberrant glycoforms of target proteins related to the diseases. So, efficient identification of these glycoproteins and quantification of the levels thereof between healthy and malignant individuals are useful for understanding the pathological mechanism of the malignant cells, and finally for developing specific disease biomarkers. A typical example involving the benefit obtainable from the analysis of aberrant protein glycoforms is alpha-fetoprotein (AFP), known as a potent biomarker for HCC (Gomaa et al., [@b40]). AFP-L3, a glycoform glycosylated aberrantly by fucosylation that shows increased affinity to fucose-specific lectins like lens culinaris agglutinin (LCA), has been reported to show improved specificity as a biomarker for hepatocellular carcinoma (HCC) (Kumada et al., [@b62]; Khien et al., [@b56]; Miyaaki et al., [@b80]).

Mass spectrometry (MS) is a core technology in the field of proteomics, capable of profiling a number of proteins from various complex biological media with high-throughput performance and accurate digitalized informatics. To conduct efficient mass analysis of glycoproteins playing important roles in adhesion, metastasis, and signaling through cell-to-cell interactions, many separation tools for enrichment of glycoproteins and analytical tools for mass analysis of the separated glycoproteins were developed. Especially through collaboration studies organized by Human Proteome Organization (HUPO) for mass analysis of serological glycoprotein purified and enriched from blood sample, the performance and reproducibility of MS-based strategy in structural identification and quantitative analysis of the purified glycoproteins was evaluated (Wada et al., [@b121]; Wada et al., [@b122]). Over mass analysis focusing a purified target glycoprotein, MS has also received great attention for quantitative analysis of complex glycoproteome samples (Kirmiz et al., [@b58]; Hongsachart et al., [@b47]; Comunale et al., [@b26]; Jung, Cho, & Regnier, [@b53]; Ahn et al., [@b9]). Nonetheless, there are still many obstacles to realize efficient analysis for complex glycoproteome present with wide ranges at concentration in complex biological medium, especially because of difficulties in identifying and quantifying altered glycoforms due to the high complex nature of the glycan structure, low abundance coming from substoichiometric occupation of altered glycoforms of a glycoprotein due to glycan microheterogeneity, and severe masking effects due to highly abundant serological proteins in the cases of blood sample.

To overcome these problems, a variety of sample preparation approaches targeting protein glycosylation have been developed to increase sample separation efficiency, decrease sample complexity, and enrich low abundant glycoproteins of interest ( [Fig. 1](#fig01){ref-type="fig"}). Combined strategies systematically integrating separation techniques were tried for glycoprotein- or glycopeptide-targeting sample preparation, prior to subsequent MS-based analysis of the prepared samples. The enrichment techniques based on solid-phase extraction rather than gel-based techniques are generally advantageous, since the solid-phase-based techniques are far simple for subsequent sample manipulations like enzyme digestion and therefore feasible to construct high-throughput MS-based analytical systems. In general, glycoproteins samples separated are subjected to enzymatic digestion to afford low molecular-weight peptide mixture or glycan mixture, and can further be purified and separated by on-line or off-line technique prior to mass analysis. Mass spectrometry of the prepared peptides can be realized by label-free quantification methods or by quantitative methods with stable isotope-labeling or stable isotope-coded internal standard spiking to the prepared sample. Since great number of studies have been reported involving sample separation technologies and quantitative mass analysis technologies in the proteomic field, the scope of this review will be limited to the recent studies about glycoprotein/glycopeptide-targeting separation methods based on solid-phase extraction and high-throughput MS-based quantification methods coupled with the glycoprotein/glycopeptide-targeting separation methods.

![Glycoproteome-targeting separation and MS-based quantification approaches.](mas0034-0148-f1){#fig01}

II. SEPARATION TECHNIQUES TARGETING PROTEIN GLYCOSYLATION
=========================================================

Hydrazide-Capturing Techniques
------------------------------

Hydrazide-capturing technique, a chemical reaction-based approach between bead-immobilized hydrazide group and dialdehyde group derived from glycan moiety of glycoprotein, has been developed to enrich glycoproteins or glycopeptides by selectively targeting *cis*-diols present in monosaccharides on glycan moieties ( [Fig. 2](#fig02){ref-type="fig"}). In the hydrazide chemistry, *cis*-diols on glycans are oxidized into aldehydes by sodium periodate, then covalently coupled with hydrazide immobilized to solid beads (Zhang et al., [@b141]; Liu et al., [@b73]; Zeng et al., [@b138]). Bound glycoproteins are generally trypsin-digested in situ, and then nonglycosylated or unbound peptides are removed by washing. Covalently coupled glycopeptides are then released by PNGase F, and the resulting deglycopeptides are analyzed by mass spectrometry. In the process of the PNGases F-mediated enzyme action, the asparagine residue of the NX(S/T) consensus sequence of *N*-glycosites hydrazide-captured is converted into an aspartic acid containing COOH functionality at side chain, as shown in [Figure 2](#fig02){ref-type="fig"}b.

![Graphical features in hydrazide-capturing method for glycoproteome enrichment.](mas0034-0148-f2){#fig02}

The bound glycopeptides can also be released by acidic hydrolysis rather than enzymatic cleavage to analyze selectively sialylated glycopeptides and identify their glycosylation sites (Nilsson et al., [@b86]). In this approach, sialylated glycoproteins were selectively periodate-oxidized, captured on hydrazide beads, trypsinized and released by acid hydrolysis of sialic acid glycosidic bonds. The chemical reaction-based approach based on the hydrazide-capturing technique developed for *N*-glycoproteins has also been applied for the enrichment of *O*-GlcNAc modified proteins with appropriate modifications (Klement et al., [@b59]). *O*-linked glycopeptides, captured on hydrazide resin and on-resin digested, can be released by hydroxylamine to give hydroxylamine-modified glycopeptides. This enrichment strategy offers a fringe benefit in mass spectrometry analysis, because the presence of the open carbohydrate ring on the modified glycopeptides leads to characteristic fragmentation facilitating both glycopeptide identification and site assignment.

Some examples using magnetic beads to immobilize hydrazide probe were also reported (Berven et al., [@b17]; Wang et al., [@b127]). The use of magnetic beads can be helpful to automation of the hydrazide-capturing method through the use of a kind of magnetic particle processor. Glycopeptides rather than intact glycoproteins can also be enriched by the hydrazide-capturing method (Tian et al., [@b113]; Cao et al., [@b19]). Recently ultrasmall gold nanoparticles with core diameter of 1.2 nm were functionalized with hydrazide groups, and these conjugates were used for isolation/enrichment of *N*-glycosylated peptides (Tran et al., [@b116]). Hydrazide-functionalized gold nanoparticles showed excellent stability in biological samples and exhibited a large capacity for peptide capturing. Superparamagnetic silica particles were also utilized to immobilized hydrazide groups on the solid surface, and further these conjugates were evaluated as the solid support for solid-phase extraction of glycopeptides (Zou et al., [@b146]). The hydrazide-functionalized silica particles containing superparamagnetic iron oxide cores displayed a strong response to the external magnetic field, and this feature made possible to capture and release the particles easily for automated, high-throughput sample preparation of glycopeptides.

These hydrazide-capturing methods based on hydrazide chemistry are useful for capturing glycosylated molecules from highly complex sample and characterizing the captured molecules with high-throughput analytical performance. Nonetheless, since this hydrazide-based approach utilizes dialdehyde groups, generated from glycan of glycoproteins or glycopeptides by the oxidative cleavage, to capture glycan moieties, structural information for intact glycan structures on glycoproteins or glycopeptides is lost inevitably (Table [1](#tbl1){ref-type="table"}). Also, these chemical reaction-based capturing are mainly selective to *cis*-diols on monosaccharides consisting of glycans, but is not promising for selective capturing of protein glycoforms having a specific glycan structure, produced by post-translational modification of glycoproteins in a biological process (i.e., aberrant protein glycoforms in cancer cells) (Table [1](#tbl1){ref-type="table"}). So, specific capturing for protein glycoforms having a specific glycan structure originating by abnormal biological process is not achievable using only this hydrazide-capturing approach.

###### 

Comparison of enrichment tools for glycoproteome
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Lectin-Specific Capturing Techniques
------------------------------------

Lectin-based capturing is one of powerful techniques to separate and enrich of a kind of interesting glycoproteins from complex biological mixture in proteomic field (Kaji et al., [@b54]; Drake et al., [@b33]). A variety of lectins have been widely used to capture protein glycoforms showing specific binding affinity to the used lectins. The most notable feature is its capability of enriching specifically a unique protein glycoforms having a specific glycan-structure active to a lectin used ( [Fig. 3](#fig03){ref-type="fig"}). Lectin-based separation of glycoproteomics was utilized to explore glyco-alteration and analyze cancer-related glycoprotein biomarkers (Dai et al., [@b29]; Ito et al., [@b50]). These lectin-based methods can be utilized complementary with other chemical reaction-based technologies using hydrazide and boronic acid to capture glycan moieties of glycoproteome (Sparbier et al., [@b108]; Pan et al., [@b93]). To get the best recovery for glycoproteome including lots kind of protein glycoforms from complex proteome sample, multi-lectin columns prepared by pre-mixing multiple lectins were developed (Heo et al., [@b45]; Kullolli, Hancock, & Hincapie, [@b61]; Zeng et al., [@b140]). Since the multi-lectin column consisting of multiple lectins mixed in advance before lectin fractionation of proteome sample shows binding activity simultaneously for various glycoforms of glycoproteins, it makes possible to collect lots kind of glycoproteins having a variety of glycan structures. But this approach using multi-lectin column makes impossible to extract selectively a protein glycoforms specifically active to each lectin used.

![Graphical features in glycoproteome-capturing by lectins showing specific-binding affinity to glycan structures.](mas0034-0148-f3){#fig03}

Since one of major characteristics in lectin fractionation is its binding ability to glycoproteins according to structural featuring on glycan moieties of the glycoproteins, single lectin capturing makes possible to fractionate separately protein glycoforms specific to the used each lectin from complex proteome sample, rather than to separate total glycoforms of glycoproteins from the proteome sample (Geng et al., [@b37]; Kim et al., [@b57]; Drake et al., [@b34]). This feature in lectin fractionation based on specificity to glycan structures is especially noteworthy as comparing with other methods like the chemical reaction-based approach (Table [1](#tbl1){ref-type="table"}). Another feature in the lectin-capturing is the remove of a negative masking effect by protein glycoforms inactive to a lectin used. Because a lectin with binding affinity for a specific glycan structure, in general, captures lectin-specific protein glycoforms populating in a substoichiometrically low portion of the total amounts of glycoproteins, most highly abundant protein glycoforms that do not show affinity to the used lectin can be removed before conducting subsequent mass spectrometry (Jung, Cho, & Regnier, [@b53]; Ahn et al., [@b8]). In addition to using a single lectin or a multi-lectin column premixed with several lectins, the multiplex lectin-channel monitoring (LCM) approach, based on a multiplex parallel lectin-capturing to fractionate separately protein glycoforms active to each multiple lectins used, was also tried (Jung, Cho, & Regnier, [@b53]; Ahn et al., [@b6]). So, each lectins showing narrow specificity for a specific glycan structure is expected to be good selectors for enriching protein glycoforms of interest.

Lectin affinity chromatography was also evaluated as a powerful method to enrich glycoproteins in biofluid and cell/tissue lysates, especially membrane glycoproteins (Wei, Dulberger, & Li, [@b129]). Isolation and characterization of the hydrophobic fraction of the membrane proteome sample have been greatly limited. However, the use of detergents in lectin-specific capturing for membrane glycoproteins can minimize nonspecific binding and facilitate the elution of hydrophobic glycoproteins. Instead of using immobilized lectin, the using free lectin solution was also tried for affinity entrapment of oligosaccharides and glycopeptides (Yodoshi et al., [@b137]). In this approach, oligosaccharide--lectin conjugates with ammonium sulfate were formed and separated through the salting out using ethanol precipitation from nonconjugated protein glycoforms inactive to the used lectins. The glycopeptide--lectin conjugates were also specifically trapped on a centrifugal ultra-filtration membrane with cut-off of 10 kDa for subsequent glycosylation analyses by LC-MS. Lectin-specific capturing approach for glycoproteome was further integrated with microarray technology for construction of a semi-automated high-throughput glycoprotein biomarker discovery platform (Comunale et al., [@b26]; Choi et al., [@b23]).

Affinity Separation Techniques Using Porous Graphite Carbon
-----------------------------------------------------------

With recent advances in proteomics, a variety of approaches to collect glycopeptides and glycans from digested mixture of the glycoproteome sample have been developed. Glycoproteins fractionated by various techniques discussed above, such as the hydrazide-capturing techniques and the lectin-specific capturing techniques, can usually be hydrolyzed to give smaller molecules by a specific enzyme for analytical efficiency in subsequent MS. *N*-linked glycans is routinely detach from protein moiety of glycoproteins by endoglycosidases like PNGases F (Maley et al., [@b75]). Chemical elimination technique is also employed to release *O*-linked glycans from glycoproteins (Wells et al., [@b130]; Miura et al., [@b79]). In these glycan moiety-targeting approaches, the resulting deglycosylated proteins, or their hydrolyzed peptides are generally separated from the glycans before subsequent mass analyses. Thereby the complexity of the enriched glycans sample is dramatically decreased. This glycan-targeting approach is very powerful method for structural identification of the glycans of purified glycoproteins and quantitative analysis of the glycosylation patterns of the glycans, as evaluated by HUPO collaboration studies (Wada et al., [@b121]; Wada et al., [@b122]).

Porous graphite carbon is attractive to capture and separate hydrophilic glycans that are released from glycoproteins but not retained by reverse phase chromatography (Davies et al., [@b31]; Wada et al., [@b121]; Grass et al., [@b41]; Lam et al., [@b67]). Glycans separated can be analyzed by mass spectrometry, in their free glycans or in their derivative forms labeled by various tagging techniques, such as permethylation (Ciucanu & Kerek, [@b24]; Costello, Contado-Miller, & Cipollo, [@b28]), peracylation (Shetty & Holloway, [@b106]), derivatization with amine tag (Kotani & Takasaki, [@b60]; Gil, Kim, & Kim, [@b38]; Nakano et al., [@b84]; Walker et al., [@b124]), or active methylene tag (Ahn & Yoo, [@b3]; Markely et al., [@b77]), for high sensitive detection or improved chromatographic separation of the glycans to be analyzed. Unfortunately this glycan-targeting approach has disadvantage such that information for glycoprotein or glycosylation site generating a specific glycan component of interest disappears inevitably during glycan-preparing process via deglycosylation reaction by enzymatic or chemical method (Maley et al., [@b75]; Wells et al., [@b130]; Miura et al., [@b79]). As a supplementary approach for the glycan-targeting method, the analysis of the deglycosylated protein parts of glycoproteins that drop glycan moieties via deglycosylation, is useful for glycoprotein identification and glycosite (lately, deglycosylated) identification through profiling experiment by LC/tandem MS.

The graphite carbon is also useful to the analysis of a complex mixture of glycopeptides. Glycopeptides originated by enzymatic hydrolysis using various endoproteinases like trypsin from total proteome or fractionated glycoproteome can be targeted instead of glycan moieties (Alley, Mechref, & Novotny, [@b10]). Glycopeptides are also routinely separated by porous graphite carbon and chromatographic methods at peptide level before tandem MS-based analysis. This glycopeptide-targeting approach has advantage such that information for glycosylation sites and glycan structures linked to each glycosylation sites can be concurrently obtainable by tandem mass analysis of each glycopeptides although exact structural identification of glycopeptides is much more challenging because of their high structural complexity due to glycan microheterogeneity, complex fragmentation patterns in tandem mass analysis, and poor chromatographic separation due to linkage isomerism in glycosidic bond. A micro fluidic chip packed with porous graphitized carbon was used for chromatographic separation of complex glycopeptides and identification of *N*-linked and *O*-linked glycopeptides via MS and MS/MS analyses (Alley, Mechref, & Novotny, [@b10]; Froehlich et al., [@b36]; Nwosu et al., [@b87]; Hua et al., [@b48]). These approaches present a platform to simultaneously characterize *N*- and *O*-glycosites in the same mixture with extensive site heterogeneity and to allow isomer-sensitive glycoprotein analysis.

Sometimes because of the size of glycopeptides, they are not often amenable to tandem MS. To overcome this problem, glycoproteins were digested with multiple proteases including pronase to produce glycopeptides that are of suitable size for tandem MS analysis, which leaded to maximize glycan and peptide information via using optimized conditions for tandem MS of graphite carbon-enriched sample (Froehlich et al., [@b36]; Nwosu et al., [@b87]). A simple and economical technique using ZipTip microcolumn packed with a 1:1 ratio of graphite carbon to activated charcoal (w/w) (termed as GA-ZipTip microcolumn) was also introduced to efficiently isolate and enrich *N*-glycopeptides from digested mixtures of individual glycoproteins (Xin et al., [@b133]).

Affinity Separation Techniques Using HILIC
------------------------------------------

Hydrophilic interaction liquid chromatography (HILIC) was introduced as promising enrichment and separation method for glycopeptides and glycans originated from glycoproteins. HILIC is characterized by using a hydrophilic stationary phase, based on functionality of cationic exchange (Alpert, [@b11]; Lindner et al., [@b72]), anionic exchange (Alpert, [@b12]), zwitterionic interaction (Naidong, [@b83]), and sepharose (Wada, Tajiri, & Yoshida, [@b120]), and by using a relatively hydrophobic organic mobile phase. Due to the impact of the hydrophilic carbohydrate moiety, glycopeptides were more strongly retained on the HILIC column and separated from the remaining nonglycosylated peptides present in the digest. Thereby each glycans or glycopeptides were also chromatographically resolved and analyzed by mass spectrometry detectors. So, HILIC is performed usually with water miscible solvents and elution is achieved by a water gradient (Alpert, [@b11]; Naidong, [@b83]). The hydrophilicity of oligosaccharides of glycopeptides makes them ideal candidates for separation by HILIC (Lam et al., [@b66]; Gilar et al., [@b39]; Neue et al., [@b85]; Wan et al., [@b125]; Zhao et al., [@b145]).

The combinations of the HILIC with other technologies, such as the hydrazide-capturing and lectin-specific fractionation for glycoproteins, have been attractive strategy for subsequent MS-based analysis of complex glycoproteome in the glycoproteomics field (Kaji et al., [@b55]; Palmisano et al., [@b92]; Parker et al., [@b94]). The HILIC method can also be used through combination with a specific enzymatic hydrolysis method. Glycopeptides enriched by the HILIC are generally treated with PNGase F before subsequent LC-MS/MS to identify glycosylation sites (Parker et al., [@b94]; Qu et al., [@b100]; Kuo et al., [@b63]). The HILIC approach can also be applied to identification of core fucosylated *N*-glycans and *O*-glycosylation site mapping of glycoproteins through partial deglycosylation performed by a specific enzyme reaction (Hagglund et al., [@b42], [@b43]). In these studies, digestion of glycopeptides is conducted by using endo-beta-*N*-acetylglucosaminidases (Endo H) that cleave the glycosidic bond between the two GlcNAc residues in the conserved *N*-glycan core structure. Thereby, single GlcNAc residues with putative fucosyl side moieties are leaved onto the peptide chains. These partial deglycosylated peptides can be analyzed by mass spectrometry to afford unambiguous assignment of their glycosylation sites. The HILIC method can also be used through combination with the graphite carbon. *N*-linked glycans enriched with graphitized carbon cartridge and more separated over a TSK-Gel Amide80 column under HILIC conditions were analyzed by LC-coupled Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) to determine the sugar composition, linkage pattern, and attachment sites of *N*-linked glycans (Wang, Emmett, & Marshall, [@b126]).

Affinity Separation Techniques Using Boronic Acid
-------------------------------------------------

Boronic acid has also been used to enrich glycoproteins or glycopeptides by selectively capturing glycan moieties. Boronic acid shows selective binding affinity to *cis*-diols present in monosaccharides on glycan moieties via formation of boronate heterocyclic diester. The glycoproteins or glycopeptides captured by the boronic acid and purified by a washing buffer is released from the boronic acid via the exchange with monosaccharides present in a eluting buffer at high concentration. In general, boronic acid immobilized on magnetic beads has been used to capture glycoproteins and glycopeptides through formation of the boronate diesters with vicinal diols on glycan moieties (Lee et al., [@b69]; Sparbier et al., [@b108], [@b109]). On-plate versions using boronic acid-modified gold nanoparticles or gold-coated Si wafer were also introduced for enrichment of glycopeptides and subsequent matrix-assisted laser desorption/ionization (MALDI) MS (Tang et al., [@b112]; Xu et al., [@b134]). Boronate affinity monolithic columns were developed for selective enrichment of glycopeptides and glycoproteins and evaluated their capturing performances by capillary liquid chromatography (LC) (Chen et al., [@b20]; Lin et al., [@b71]; Yang et al., [@b135]).

These boronic acid-capturing methods are useful for capturing glycosylated molecules from highly complex sample with intact glycan structures and characterizing the captured glycans with high-throughput analytical performance. Nonetheless, the boronic acid-capturing are mainly selective to only *cis*-diols on monosaccharides consisting of glycans, but is not promising for selective capturing of protein glycoforms having a specific glycan structure (i.e., produced by aberrant protein glycosylation in cancer cells) (Table [1](#tbl1){ref-type="table"}).

In general, glycans and glycopeptides enriched from complex proteome samples using various enrichment techniques addressed above can be analyzed by high-throughput tandem mass spectrometry. However, although peptide identification employing tandem MS data obtained is now routinely achievable, automated glycopeptide identification from these tandem MS data for glycans and glycopeptides remains a considerable challenge in the areas of glycomics and glycoproteomics. In the past decade, numerous software programs are released to identify glycan structure from tandem MS data for glycans such as OSCAR (Lapadula et al., [@b68]), GLYCH (Tang, Mechref, & Novotny, [@b111]), and GlycosidIQ (Joshi et al., [@b52]). Data obtained from tandem MS analysis of glycopeptides are much more challenging to handle because of the high complexity and size of the molecules and the highly complex fragmentation patterns in tandem analysis. Several software programs were released to identify glycopeptides using high-throughput tandem MS data obtained from protein cocktails or complex proteome samples, such as Branch-and-Bound (Peltoniemi, Joenväärä, & Renkonen, [@b95]), GlycoMiner (Ozohanics et al., [@b91]), GP Finder (Nwosu et al., [@b87]), and Medical *N*-glycosite library (Joenväärä et al., [@b51]). Therefore, notable progress in development of software program for glycopeptides identification has been realized. Nonetheless, the development of an innovative software program capable of monitoring quantitative variation of glycopeptides as well as identifying glycopeptide compositions and/or structures is required to better understand the functions and bioactivities of glycoproteins.

MASS SPECTROMETRY-BASED QUANTIFICATION METHODS
==============================================

Glycoproteome samples can be generally purified and enriched in a state of glycoproteins, glycopeptides, and glycans by using various separation technologies discussed above including the hydrazide-capturing and the lectin-specific fractionation, and affinity separation methods. Each enriched samples are primarily analyzed qualitatively for structure identification of glycans or proteome profiling by tandem mass spectrometry. To obtain quantitative information for these enriched samples, a variety of analytical approaches depending on features of the each enriched samples are employed. For example, quantitative analysis in glycomics using glycan or glycopeptide samples mainly focuses increase or decrease of specific glycoforms in the glycan profile attached to a glycoprotein or in the glycan pool of whole glycoproteins. In different, quantitative analysis for glycoprotein samples in glycoproteomics largely focuses measurement of the concentration of specific glycoproteins, absolutely or relatively to other molecules, as well as quantitative comparison of the levels of specific glycoproteins between individuals or sample groups to be compared. Many MS-based analytical techniques to obtain quantitative information for these enriched samples have been employed such as label-free MS method, stable isotope-labeling method, and multiple reaction monitoring (MRM)-based quantification method with stable isotope standard (SIS). And these analytical techniques have been utilized independently or cooperatively in quantitative glycomic and glycoproteomic fields based on high-throughput mass spectrometry.

Quantitative Analysis by Label-Free MS
--------------------------------------

Quantitative analysis for glycans or glycopeptides obtained using various separation technologies discussed above and proper enzymatic or chemical proteolysis have been conducted efficiently by label-free MS technique to monitor changes in the glycan patterns attached to a glycoprotein or in the glycan pool of whole glycoproteins (Table [2](#tbl2){ref-type="table"}). The label-free quantitative analysis of glycans has been applied for analysis of complex proteome samples like serum (An et al., [@b13]; Kirmiz et al., [@b58]). The dramatic reduction in sample complexity coming from glycan-targeting enrichment can also make the direct mass analysis of the purified glycans and glycopeptides enable to be accomplished using MALDI FT-ICR MS showing high resolving power (\>100,000 full width at half height) and mass accuracy (\<5 ppm). This glycan-targeting approach using MALDI MS was applied to development of breast cancer biomarker. To improve mass sensitivity of glycans to be analyzed, permethylation method for glycan moieties was also utilized in a study for breast cancer diagnosis (Kyselova et al., [@b65]). Although these benefits in the glycan-targeting approach, this approach has disadvantage such that information for glycoprotein or glycosylation site generating a specific glycan component of interest disappears inevitably during glycan-preparing process via deglycosylation reaction by chemical or enzymatic method. Since glycan sample prepared from a complex proteome sample is still highly complex, further separation for the glycans using HILIC can be conducted before mass spectrometric analysis to *N*-linked glycosylation profiling of pancreatic cancer serum (Zhao et al., [@b143]; Mann et al., [@b76]).

###### 

Summary of typical methods for glycoproteome-targeting quantitative analysis using label-free MS
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^a^Gc, Gp, de-Gp, and non-Gp represent glycans, glycopeptides, deglycopeptides, and nonglycopeptides released from glycoprotein and detected by MS, respectively.

As a label-free quantitative method targeting glycopeptides, a model study using a single pure glycoprotein and a glycoprotein mixture was introduced (Rebecchi et al., [@b102]). In this study, through the label-free analysis for *N*-linked glycopeptides enriched by sepharose, the changes in glycosylation patterns were monitored in a glycosylation site-specific manner on a single glycoprotein and a glycoprotein mixture. Also, Usefulness of label-free quantitative analysis of glycans released from purified glycoproteins was evaluated by coupling with sepharose-based enrichment (Wada, Tajiri, & Yoshida, [@b120]; Wada, Tajiri, & Ohshima, [@b123]). In the study, label-free analysis for *N*-, *O*-linked glycopeptides released from glycoproteins purified from serum by polyclonal antibody was tried to identify saccharide compositions and site-occupancy of *N*-, *O*-glycans on the glycoproteins. From the signal intensity of glycopeptide ions in the mass spectra and tandem mass spectra from electron transfer dissociation, the variability in glycan modifications among individuals was evaluated and the applicability of this label-free analysis method to detection of disease-related alterations was introduced. Recently, a study to examine site-specific glycoforms of haptoglobin in liver cirrhosis and hepatocellular carcinoma (HCC) was introduced (Pompach et al., [@b98]). By two-dimensional separation composed of hydrophilic interaction and nano-reverse phase chromatography coupled to QTOF mass spectrometry of the enriched glycopeptides, it was found that fucosylation of haptoglobin in liver disease increased with up to six fucoses associated with specific glycoforms of one glycopeptides.

As a glycoprotein-targeting method, a chemical reaction-based approach based on hydrazide chemistry was utilized for label-free quantification of hydrazide-captured glycoproteins (Schiess et al., [@b104]). The MS-based strategy for the specific detection and quantification of cell surface proteome changes was tried based on the hydrazide-based capturing of cell surface glycoproteome and the label-free quantification of peptide patterns for the captured cell surface proteome by mass spectrometry. This cell surface capturing technology that selectively enriches glycopeptides exposed to the cell exterior was applied to monitor dynamic protein changes in the cell surface glycoproteome of *Drosophila melanogaster* cells. Hydrazide-based capturing approaches coupled label-free quantification mass spectrometry have also been tried for biomarker discovery targeting breast cancer (Whelan et al., [@b131]), lung cancer (Zeng et al., [@b138]), and HCC (Chen et al., [@b21]; Ishihara et al., [@b49]).

Glycoproteomes fractionated by lectin-specific capturing have also been used for the label-free quantification of the lectin-specific glycoproteomes via mass profiling of tryptic digests of the fractionated glycoproteins. This lectin-capturing approach coupled with tandem MS was applied to serum proteome sample for serological biomarker discovery in colorectal cancer (Kim et al., [@b57]). This study indicates that lectin enrichment strategy targeting an abnormal change in glycan microheterogeneity associated with malignancy in cells can be an effective method for discovery of potential cancer biomarkers. A lectin-captured sample from tissue lysate proteome was also used to identify cancer biomarkers for human breast carcinoma (Abbott et al., [@b1]), lung adenocarcinoma (Hongsachart et al., [@b47]). With these lectin-capturing approaches using a specific single lectin, a multi-lectin column prepared by in advance mixing multiple lectins was also developed and utilized for identification of serum biomarkers for lung adenocarcinoma (Heo et al., [@b45]), breast cancer (Zeng et al., [@b139]), and ovarian cancer (Abbott et al., [@b2]). Differential label-free profiling studies of *N*-linked glycoproteins in cancer stem cells were tried to detect the change of glycosylation pattern upon drug treatment (Dai et al., [@b30]; He et al., [@b44]).

The combination strategy using different separation techniques may be useful for better enrichment of glycoproteins or glycopeptides. In a study, the glycan enrichment by porous graphite carbon and the glycopeptides enrichment by lectin-capturing technique were used together for label-free quantitative analysis (Comunale et al., [@b25]). From this comparative data analysis, 19 hyperfucosylated glycoproteins were identified as HCC biomarker candidates. A Con A-magnetic particle conjugate-based method was also utilized to selectively isolate the glycoproteins and their glycomes from the healthy donor and HCC case sera (Yang et al., [@b136]). By MALDI-TOF/TOF-MS of glycans prepared by sepharose enrichment of tryptic digests derived from the lectin-capturing glycoproteins, 22 glycans showing difference between the healthy donors and HCC cases were identified. It was further confirmed the differences of the identified glycoproteins between the healthy donors and HCC cases were caused by the change of both protein expression and their glycosylation levels. The hydrazide-capturing technique was also compared with the lectin-specific capturing technique by using label-free tandem MS for lysates of cancer cells (McDonald et al., [@b78]). The combinational application of two methods, one that uses periodate to glycoproteins of intact cells and a hydrazide resin to capture the oxidized glycoproteins and another that targets glycoproteins with sialic acid residues using lectin affinity chromatography, in conjunction with liquid chromatography-tandem mass spectrometry is effective for plasma membrane glycoprotein identification. As a result, it was observed that combining results from the hydrazide-capturing approach and the lectin-capturing method substantially improves the coverage of the glycoproteome profiled.

Quantitative Analysis by Isotope Tag-Labeling Approach
------------------------------------------------------

In the past decade, one of the techniques widely adopted for quantitative proteomic studies is a stable isotope-labeling approach, including reductive amination using isotope-coded amine tag, permethylation using isotope-coded methyl group, and enzyme-mediated incorporation of isotope-coded reagent (Table [3](#tbl3){ref-type="table"}). These isotope tag-labeling techniques have been applied for comparative analysis between proteomic samples to be compared such as disease and healthy samples. Glycans released from glycoproteome have been labeled through reductive amination method using various isotope-coded amine tags, and analyzed comparatively by mass spectrometric-based methods (Xia et al., [@b132]; Bowman & Zaia, [@b18]; Prien et al., [@b99]). Similarly hydrazide tag was also used for the relative quantification of *N*-linked glycans by ESI mass spectrometry (Walker et al., [@b124]). A novel strategy, quantification by isobaric labeling (QUIBL), using permethylation reaction by stable isotope-coded methyl iodide was introduced to facilitate comparative glycomics (Atwood et al., [@b15]). Permethylation of a glycan with ^13^CH~3~I or ^12^CH~2~DI generates a pair of isobaric derivatives, which have the same nominal mass. However, since each methylation site introduces a mass difference of 0.002922 Da, the total mass difference for the isobaric pair due to multiple methylation sites allows separation and quantification at a resolution of approximately 30,000 m/Delta m. QUIBL facilitates relative quantification over a linear dynamic range of two orders of magnitude and permits the relative quantification of isomeric glycans. As an enzyme-mediated incorporation method using an isotope-coded reagent, endoglycosidase-mediated incorporation of ^18^O into glycans was tried for relative quantification of *N*-linked glycans collected from sera of HCC patient (Zhang et al., [@b142]).

###### 

Summary of typical methods for glycoproteome-targeting quantitative analysis using stable isotope tag-labeling method

  --
  --

^a^Gc, Gp, de-Gp, and non-Gp represent glycans, glycopeptides, deglycopeptides, and nonglycopeptides released from glycoprotein and detected by MS, respectively.

Besides glycan-targeting quantitative analysis, many studies targeting glycopeptides or glycoproteins have been tried for quantitative analysis of protein glycosylation. The stable isotope-labeling approach is also useful for comparative quantification of glycoproteins enriched by the hydrazide-capturing. The most notable feature in hydrazide-capturing method for glycoprotein enrichment is its capability of enriching globally overall protein glycoforms and its viability in stable isotope-labeling strategy for the hydrazide-captured glycoproteins to do quantitative mass analysis. Hydrazide bead-bound glycopeptides generated from glycoproteins captured by the hydrazide can be labeled isotopically by a stable isotope-coded tag for comparative quantification (Zhang et al., [@b141]). The isotope-labeling can also be accomplished by the enzyme-mediated incorporation technique during tryptic hydrolysis of the hydrazide-captured glycoproteins, or during enzymatic deglycosylation of glycopeptides generated by the tryptic hydrolysis. This enzyme-mediated ^18^*O*-labeling for hydrazide-captured glycoproteins was accomplished sequentially in the hydrolysis step of the captured glycoproteins and the deglycosylation step of bead-bound glycopeptides (Liu et al., [@b74]; Shakey, Bates, & Wu, [@b105]). And the resulting ^18^*O*~3~-isotope-labeled and deglycosylated peptides are generally analyzed quantitatively by tandem MS. A combined approach using hydrazide-based capturing, and enzymatic cleavage by endoglycosidase F3, and isotopically differential dimethylation was introduced for the mass spectrometric identification and quantification of aberrant *N*-glycosylation in HCC sera (Chen et al., [@b22]).

A novel post-digest labeling strategy using isotope-coded protein label (ICPL) was developed for quantitative characterization of phosphorylated and glycosylated proteins in prostate-related metastatic adenocarcinoma cell lines originating from two distinct metastasis sites (Fleron et al., [@b35]). In this study, phosphorylated peptides were isolated using TiO~2~, whereas the enrichment of glycosylated peptides was performed using hydrazide-based chemistry. An isobaric tagging reagent iTRAQ was also used for quantitative analysis of deglycosylated peptides collected from *N*-linked glycoproteins in tear fluid by hydrazide-based capturing and enzymatic deglycosylation by endoproteinase (Lei et al., [@b70]). A quantitative analysis of *N*-linked glycoproteins in cardiovascular disease, particularly ischemia, and reperfusion injury was conducted with hydrazide-based capturing, HILIC separation, and iTRAQ labeling techniques (Parker et al., [@b94]). The hydrazide-capturing technique as glycopeptides-targeting method was further applied the sialoglycoproteomic method to the profiling of breast cancer tissues and compared findings with the results from the total glycoproteomic analysis (Tian et al., [@b114]). From this study, altered expression of sialoglycoproteins, as well as the total glycoprotein changes associated with breast cancer was identified using isotope-labeled succinic anhydride. The glycopeptides-targeting approach was also used for tandem mass analysis of the core fucosylated and ^18^*O*-labeled glycopeptides separated by sepharose (Zhao et al., [@b144]). The core fucosylated peptides were prepared through partial deglycosylation of enzyme-mediated ^18^O incorporated glycopeptides and separated by sepharose. In the core fucosylated peptides, the innermost GlcNAc and fucose groups are kept as glycopeptides through Endo F3-catalyzed partial deglycosylation. Thus the relative quantification of the core fucosylated and ^18^O-incorporated glycopeptides was achieved by tandem MS analysis.

The stable isotope-labeling for glycoproteins enriched by a specific lectin has also been tried for comparative quantification of protein glycoforms, showing a specific binding affinity to the used lectin. The most notable feature in lectin-specific enrichment for glycoproteins is its capability of enriching specifically a unique protein glycoforms having a specific glycan-structure active to a lectin used. Based on the lectin-specific capture of a set of glycopeptides in tryptic digests, and the following enzyme-mediated ^18^O incorporation into the *N*-glycosylation-specific site, a strategy for the large-scale identification and quantification of lectin-specific protein glycoforms from a complex biological sample was tried with LC-tandem MS (Kaji et al., [@b54]). The isobaric iTRAQ reagent was also useful for comparative quantification of protein glycoforms captured by multiple lectins showing different binding affinity to glycan structures (Jung, Cho, & Regnier, [@b53]). The use of lectin showing narrow selectivity can make it possible to characterize glycoprotein diversity and to recognize protein glycoforms associated with aberrant glycosylation. A tryptophan-specific labeling tag, 2-nitrobenzensulfenyl (NBS) was also used for comparative profiling of protein glycoforms lectin-captured from serum glycoproteome (Ueda et al., [@b117]). The NBS-labeled peptides were analyzed by MALDI-QIT-TOF mass spectrometric analysis for the lung cancer biomarker discovery.

As a glycopeptides-targeting method, a combined labeling approach using both the isobaric iTRAQ labeling and enzyme-mediated incorporation of ^18^O to lectin-captured protein glycoforms were introduced to simultaneous identify glycosylation sites and quantify changes of glycan structure in each specific glycosylation sites (Ueda et al., [@b118]). A lectin-directed tandem labeling (LTL) quantitative proteomics strategy was used for investigation of sialylation aberration in *N*-linked glycopeptides (Shetty et al., [@b107]). The sialylated glycopeptides enriched by SNA and labeled at its *N*-terminus by acetic anhydride-*d* reagents, were enzymatically deglycosylated in the presence of heavy water. The differentially labeled deglycopeptides were performed LC/MS/MS analysis to investigate the sialylation changes in prostate cancer serum samples as compared to healthy controls.

Targeted Multiple Reaction Monitoring (MRM)-Based Analysis
----------------------------------------------------------

Targeted MRM-based MS has been widely used as a quantification technique of various target molecules because of its high specificity and high sensitivity in mass detection for the targets, and easy multiplexing for targets. The high specificity for a selected target in the LC-coupled MRM-based method comes from highly selective monitoring through sequential triplicate selections including separation of the target by liquid chromatography, precursor mass selection of the target peptide, and selective monitoring for fragment ions originated from the selected precursor target by tandem MS. LC-coupled MRM-based MS has been recognized to be a powerful tool for multiplexed quantitative monitoring of multiple target molecules in proteomics. A novel strategy, namely reverse glycoblotting technique, was introduced for the multiplexed quantitative mouse serum glycoproteomics based on a specific chemical ligation focusing sialic acids (Kurogochi et al., [@b64]). In this strategy, sialylated glycopeptides captured by hydrazide were released from the hydrazide beads through incorporation of a fluorescence tag, 2-aminopyridine, into the sialyl moieties on the captured glycopeptides. The released amine-tagged glycopeptides were profiled by tandem MS, and analyzed by MRM-based method. Because of unavailability of each isotope-coded reference peptides corresponding amine-tagged target glycopeptides for the MRM-based quantitative analysis, the study focused to compare quantitatively differences between diabetic model mouse and control mouse (Table [4](#tbl4){ref-type="table"}).

###### 

Summary of typical methods for glycoproteome-targeting MRM-based quantitative analysis

  --
  --

^a^Gp, de-Gp, and non-Gp represent glycopeptides, deglycopeptides, and nonglycopeptides released from glycoprotein and detected by MS, respectively.

This LC-coupled MRM-based technique with stable isotope-coded standard has been utilized to analyze quantitatively glycoproteins of interest enriched from complex biological samples like plasma (Stahl-Zeng et al., [@b110]; [@b6], [@b8]) and cell secretome (Ahn et al., [@b5]). This targeted quantification method using stable isotope-coded standard provides excellent precision and reproducibility in quantitative measurements of targeted peptides by virtue of using the internal standards of each target peptides (Table [4](#tbl4){ref-type="table"}). The hydrazide-capturing technique to enrich glycoproteome from complex biological samples can be combined efficiently with the MRM-based quantification method with stable isotope standard. By virtue of capability of enriching globally overall protein glycoforms, the hydrazide-capturing technique can be an attractive tool for high-throughput quantitative mass analysis of complex glycoproteome. A quantitative analysis of *N*-glycosites of target glycoproteins of interest in plasma samples were conducted by targeted MRM-based method using tryptic peptide mixtures, prepared by tryptic digestion and sequential PNGases F-mediated deglycosylation of hydrazide beads-bound glycoproteins (Stahl-Zeng et al., [@b110]). In the process of the PNGases F-mediated enzyme action, the asparagine residue of the NX(S/T) consensus sequence of *N*-glycosites on the glycopeptides hydrazide bead-captured is converted into an aspartic acid ( [Fig. 2](#fig02){ref-type="fig"}). In this study the application of MRM-based method to *N*-glycosites isolated from plasma shows excellent limit of detection of peptides in the low ng/mL to sub-ng/mL range concentrations. In addition, it was confirmed that the use of stable isotope-labeled reference peptides makes the targeted analytes be accurately quantified over a dynamic range of near five orders of magnitude.

Lectin fractionation enabling to capture lectin-specific protein glycoforms is provides the basis for detecting and quantifying different types of protein glycoforms from complex biological samples. The targeted MRM-based method was used for measuring an abundance of aberrant glycoforms of target glycoproteins from lectin-captured secretomes of colorectal cancer cell lines (Ahn et al., [@b5]). The lectin-coupled/MRM-based quantification approach was confirmed to be a powerful tool for measuring the abundance of a specific glycoforms involving in aberrant protein glycosylation, rather than measuring total glycoforms of the target protein using human plasma sample ([@b8], [@b9]). In these studies using aleuria aurantia lectin (AAL) showing a specific affinity to fucose on *N*-linked glycans, the lectin-coupled/MRM-based method was evaluated to give reproducibility and precision sufficient to distinguish a difference in the abundance of AAL-captured protein glycoforms between control and HCC plasmas, even without highly abundant protein depletion or antibody-based enrichment against target proteins. Since a variety of lectins are available, this method can be easily extended to the independent analysis of various glycan-specific subproteomes captured by a variety of lectins with different binding affinity for glycan structures. A multiplex LCM consisting of multiplex parallel lectin-fractionation and MRM-based analysis was tried to quantitatively monitor the diversity of serological protein glycosylation in a human serum sample (Ahn et al., [@b6]).

Many biomarker candidates identified from studies in glycoproteomic field present at low abundant concentration levels in complex proteome samples. Further the concentration level of the aberrant glycoforms of a biomarker candidate may be far low compared with that of total glycoforms of the candidate. For enriching the target peptide as a surrogate of the aberrant protein glycoforms of the biomarker, and to decrease the sample complexity, a target peptide enrichment protocol, using a stable isotope standard and capture by anti-peptide antibody (SISCAPA) technique, is efficient since the enriched antigen (target peptide) is directly subjected to mass analysis without further sample treatment (Anderson et al., [@b14]). A quantitative identification of aberrant glycoforms of tissue inhibitor of metalloproteinase 1 (TIMP1) was accomplished from human colorectal cancer serum by the systematically combined strategy using a lectin-capturing and SISCAPA/MRM technique with high sensitivity at sub-ng/mL serum levels (Ahn et al., [@b4]). TIMP1 in colorectal cancer serum was further confirmed by 15T MALDI FT-ICR MS with high resolving power (\>400,000 full width at half-height) and mass accuracy (\<0.5 ppm) (Ahn et al., [@b7]).

Recently, a new method combining MRM MS technique with energy-resolved structural analysis, termed "energy-resolved oxonium ion monitoring," was introduced (Toyama et al., [@b115]). Monitoring the yields of oligosaccharide-derived fragment ions (oxonium ions) over a wide range of collision-induced dissociation (CID) energy applied to a glycopeptide precursor exhibits a glycan structure-unique fragmentation pattern. In the analysis of purified immunoglobulin glycopeptides, the energy-resolved oxonium ion profile was shown to clearly distinguish between isomeric glycopeptides. Therefore, both quantification of glycopeptides and assignment of their glycan structures were achieved by a simple analysis procedure. This method was further applied for characterizing site-specific *N*-glycan microheterogeneity on therapeutic antibodies, including validation of lot-to-lot glycoform variability. The data suggest that energy-resolved oxonium ion monitoring could fulfill the regulatory requirement on the routine quality control analysis of forthcoming biosimilar therapeutics. Similarly an LC-MS-MRM workflow was used to analyze the disease-related haptoglobin glycoforms in liver cirrhosis and HCC (Sanda et al., [@b103]). In this study, LC-MS-MRM analysis for samples prepared by treatment of a tryptic digest of haptoglobin with exoglycosidase was conducted differentially though monitoring oligosaccharide-derived fragment ions (oxonium ions) and a glycopeptide-specific ion. Because of unavailability of each isotope-coded reference glycopeptides for the MRM-based quantitative analysis, this exoglycosidase-assisted LC-MS-MRM workflow focused to compare quantitatively differences between disease groups.

PERSPECTIVES
============

Because of the high complexity and deep dynamic range in protein constituents in a clinical proteome sample as well as the microheterogeneity in a glycoprotein due to the diversity of glycan structure and the linkage complexity in glycosidic binding of the glycoprotein, there is still great challenge for comprehensive analysis of glycoprotein. Nonetheless by virtue of momentous efforts in analytical proteomic fields, mass spectrometry is now recognized as a core technology for glycoproteomics research. Mass spectrometry showing excellent capability in high-throughput analytical performance affords accurate digitalized informatics through profiling efficiently large number of glycoproteins from various complex biological media. Over profiling qualitatively large number of target proteins, mass spectrometry has also become central roles in quantitative glycoproteomics through the development of efficient separation tools for glycoproteome and powerful techniques for quantification of the separated glycoproteome, and the systematic integration of the developed technologies for glycoprotein separation and quantification. As shown many reports that aberrant protein glycosylation is involved in abnormal pathological function of cells like in cancer, lectin specificity-based glycoprotein enrichment approach, capable of targeting protein glycoforms having glycan structures active specifically to a used lectin rather than targeting total glycoforms of the glycoprotein, has been received particularly great attention in the clinical proteomic field. In addition, MRM-based quantification approach showing notable advantage in targeted proteomics is also expected to play central roles in high-throughput validation studies for tremendous number of biomarker candidates newly discovered but requiring more validation studies.

Nonetheless there are still many obstacles to overcome for the MS-based quantification approach to be utilized regularly in clinical proteomic study and biomarker development. Many successful studies to identify glycosylation patterns of glycans or glycopeptides released from a glycoprotein and monitor changes in the glycosylation patterns have been conducted mainly through analysis of single glycoprotein pre-purified by affinity-based enrichment using antibody. Therefore, the development of more powerful tool is required enable to monitor changes in glycan patterns directly from complex proteome samples even without using individual antibody. Thus, the combination of the global enrichment technique for glycopeptides (using hydrazide-capturing, porous graphite carbon, or HILIC) and the aberrant glycoform-specific enrichment tool like lectin-capturing may be effective. This integrated strategy should be coupled practically with a high-sensitive tandem mass analysis technique for high-throughput identifying of aberrant protein glycoform and monitoring its quantitative change from complex samples. Another to be solved for the MS-based quantification tool to be utilized regularly in clinical proteomic study and biomarker development is the development of a verification tool for target glycoforms identified as aberrantly glycosylated but requiring further verification against large number of cohorts. For this, systematical integration of an enrichment technique for the aberrantly glycosylated target identified and a high-throughput MS-based assay system may be an attractive approach. This high-throughput MS-based assay platform focusing aberrant glycosylation will play important role in verification study for biomarker candidate involved in aberrant protein glycosylation.
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